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Supernovae of Type I (SN I), even though they occur in different regions within
a variety of galaxies, form a remarkably homogeneous group. ‘Their properties may be
sumerized as follows: 1+2)

1. The photographic light curve (log luminosity in the spectral region
3800=-5200A) shows a sharp sudden rise, reaching a meximum after a few days; the
average maximm luninosity (2) 1s more than 107 times solar. After maximm there
occurs a rapid dimming by about three msgnitudes in some 20-30 days, followed by a
slowver decline which is nearly exponential, with a halflife about 50 days,
continuing with no marked change for as long as ChO days.(B’h) However, the
lifetimes for different supernovee are not the same; they 112 in the range %0-30 days-(S)

2. 'The color reddens rapidly during the early period of observation. After
about 40 days the image turns soweshat more blue, ) and after about 100 days the
color remains spproximately constant.

3. The optical spectrum consists largely of broad bands, about 100-200A wide.

The most prominent of these has its peek near LGO0OA in the early spectra, and contains
about half the total intensity in the photographic region. Appreciable continuum is
seen only during the first few days.

L, Most of the observed SE I have becn too faint to permit spectral enalysis
beyond a short period after maximm. Our imowledge of the time development rests
largely on Minkowski's series of apecﬁ-a,(é) nov nearly 30 years old, of the super
novae in IC 4182 (¢ = 8-339 d) and NGC 103 (t = 0-115 d). Both sets of spectra retain
the same genersl character throughout the period of observation. The most interesting
chenge 1s a gradual red shift in the location of four peaks in the blue part of the
spectrum: the principel one near ALGIO and three less prominent ones near ALS00,

MZ00 and Mi300.  The overall displacement in each case is about 100A. One peask in the

red (near A5500) can be followed for & long time and does not red shift. The other red
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features behave erretically: sowme beands split, peaks disappear and appear; it is
not possidble to follov any other single red peak unambiguously as a function of time.

Adequate explanation for the optical properties of SN I has thus far been
lacking. The near-exponential decline, vith a halflife close to thet of Cf2°",
bas given rise to the proposal that fission rediocactivity may play & dominant
rale.™7) 1t 15 of course far from self-evident, even if this hypothesis should
be correct, that the radioactive energy imput is transformed into visible light
vith the same time dependence.

We present here a simple explanation of the BN I light output, fundamentally
kinematic, vhich entails that the exponentisl decline in the light curve has nothing
vhatever to do with radiosctivity. We explain the nature of the visible spectrum,
including widths, frequency shifts, and intensity variations, assuming that the
Yulk of the direct energy release is a sudden burst of radiation vhich lasts at
most a few days. At first, this emission is concentrated in the ultraviolet (or
even beyond), as is to be expected in view of the presumed high excitation at the
time of explosion. VWith time, as the supernove expands, the output chifts toward
lowver frequencies; the visible power therefore increases even vhile the total
enission is decreasing. The "direct™ emission comtributes omly during the days
of initial riese and fall.

After maximm, we suppose that the direct emission continues to decreese so

rapidly that it soon becomes negligible. The light observed after 10 - 20 days

is fluorescence, i.e. visible lines excited by the initial burst of ultraviolet

continmm as it impinges on the interstellar gas vhich surrounds the sw.(a)

As time passes, one observes the fluorescence emanating from regions of space
progressively farther and farther away from the explosion; the cbserved negre
exponentiel decline in intensity with time simply reflects the essentially

exponential attenuation of the exciting ultraviolet pulse as it moves outwerd in spece.
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Ve call this phenomenocn "opticsl reverberation”. The most important emitter of
fluarescence is the ion He II, whose lines account for the majority of the observed
spectral features.

In addition to cresting the ionization and exciting the flucrescence, the
photon outburst also accelerates outward everything in its path. ‘The radial motiom of
the enitting atoms is responsible for the troadening of the spectral features, and also
for their shifts: during the early period most of the cobsarved radiation comes, for
kinematic ressons, from the nesr side of the emitting region, and therefore appeares
blue-shifted. Later, more of the observed rsdiation must emanate from the far side;
the peaks therefore shift toward the red.

Theory of Optical Reverberation. Suppose that a 5 «function pulse, emitted at some
point, travels out and excites secomdary rediation. An observer at a distance L sees
the direct pulse after a time L/c. At a “local time"™ t, measured from the observer's
first glimpee «¢ the event, he sees secondary rsdiation from those points for which the
total 1ight path is L + ct; the locus of such points is an ellipaom(9'1°> but since
the secondary emitters are so much nesrer to the source than is the cbserver, this
ellipsoid is effectively the paraboloid
r(1lecos@) =ct. (1)

We fix our attention on & single line of the secondary spectrum. Let N denote

the number of photons in the primary pulse vhich fall in the proper frequency band to

excite this iine. The fiux of Such photons which axTives st point r st time t' s
Yy e N (2)

2nt) = =, Aoy S5

. r (3)

Ay = op (= ) 2prdp)

measures the attenusation due to absorption, a(P) being the linear sbsorption



coefficient. (Isotropy is assumed.) If the absorption is uniform, we have merely

-t
Alr) = <€ 4 )
shese /\ 1s the mean free path. The strength of the secondary emission is
9<NG'% ( 5 _r ‘PAo?‘aAS
€(r,t') = 3 A d@-z) Lo (5)

shere n is the concentration of absarbers, 7 is the aversge cross section over
the absorption line, and @ is the relative probadbility than an atom, have absorbed
a photon from the primary beam, decays by a mode which includes the optical photon
under considerstion. From eq. (5) it follows that the effective luminosity (in

photons/sec) vhich an observer infers from his measurements at a local time t is
o0

f(t) = 2¢ N’é’n(r) Acr) 2(_’.: (¢)
& tct r
The average croes section can be written as
1
T = L v (%)
where £ is the absorption oscillator strength and OV the effective width of the
absarption line. Hence eq. (6) becomes
(4) = *TTe ¢ ap j ’L‘L?_éﬁ_'.ldr
ct

(8)
where we have put N £ (an/dv) AV

Eq. (8) is the fundamental equation of owr theory. It showe directly how the
time variastion of £{t) refiects the space variation of the product a{r) a{r). 1If,
in perticular, the sbeorbers are uniformly distributed end the width A)/ is independent
of r, then A(r) is given by (4) and the integral in (8) is the exponential integral:

fis) =
O\(f)"‘ dvin T‘{)n'FE/ ) E(X)"\le (/—-X*' ) (s)

(1) /

AV -2
- — _— ) = 3 _,—-
A= e, (M‘)’ 7o em (o)

vhere
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Suppose further that the emitters of secondary radistion ere in redial motion
with respect to the primory source. Then each photon is observed Doppler shifted by
the fraction (v/c) line of sight, The red-shifted radistion observed at local time
% originates from the region Zet <r < ct, sheress the blue-shifted component comes
from > ct.(F181)* By, becsuss of the attemmetion of the exeiting flux, most of
the intemsity originates roughly from the region between Jot and et +/\.
Consequently, for et <</\ (F1&+ 18) o o0 nderance of the rediation originates from
the near side, and th: line is observed as bluseshifted. When ct>>/\(Fig. I b) the
opposite is true, The nat effect is therefore a gradusl reddeming, vhich takes place
over a time roughly A\ fe. Ve exphasizefatthe prediction of & red shift in no wy
depends on & wifvra-density model.

Figmre I aljo provides an estimate of the spparent size of the “indirect imege”
at & locsl tim: t. The diameter is approximately

D= 2(2 r\c_t\y’: (1)

Notice that for scme time the image expands st @ rate faster than c.

The Optiral Spectrum. Since the direct cuttwrst lasts & short time we sre justified
in approximating 1t by @ & function. The intensity of each flugrescent line is
then /iven by eq. (8), in which the abscrber concentration n(r) snd the attenustion
factyr A{r) denote effactive time aversges of these quantities over the interval during
vhih the sctual pulse passes the point r. (These quantities in fact change as the
pu.se both crestes new imization and accelerates the ions.)

We identify the Paschen @ lime of He II (n = 4> n = 3, Mi666) as the origin of
fie dominant blue band in the SN I spectrum. The initial blue shift of this lime,
and the subsequent reddening, sre just what one would expect from the argument
presented above. In addition to P, the visible lines waick can be excited by
abmtmmthe@ommmthenrathsMesmsme_
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all these lines up to n = 13 (as well as a merged band from the remainder of the series)
can be clearly recognized in the spectrs from HGC 4496 shortly after maximm, published
bwmoehat.n;(m) mmuuwwwmxg,mmmum
principal (S“'F" 'ﬂzz&ummnmtmmwmrmmm
photographic region, m’mmmammmmmnm
to resaen.) (e fourth might be He I 55.)

The remarkable decay of the light cwrve vith a single lifetime 1s mainly the
consequence of two properties of the helium II level structure. First, the levels
from which the Brackett lines ariginate are so close in emergy thet the Doppler troadening
causes a considaruble overlap of the abearption lines shich excite the visible spectrum.
(A1l the levels vith n= 5 1ie within 2 e,v. of the ionization edge &t 5% volts, and
& broadening of & few percent can be inferred from the observed width of the emission
features.) Consequently, the fiux which excites ths Brackett lines effoctively
constitutes & single band, 2«3 e.v. wide, which attennates with & single mesn free
path. Mareover, it happens that tho summed oscillstor strength for the sbsarptions
which excite the Brackett lines is neerly equal to that fcr* the single sbsarption
which excites Pr. (1*)  The mean free paths, and the corresponding lifetines far the
emission lines, are therefore similarly close.

The second circumstance which acts to synchronize the time variation of all the
He II lines is the fact that the final state of the Brackett tramsitions is the
initial state for the Px tramsition, In each of the Erackett transitioms, mareover,
the 4s component of the fimal state is highly favared; from the 4s state, the
relative probability of decay via & 4-3 transition is sbout O.k. Consequently each
Brackett photon is followed, on the average, by 0.4 PX photons; this indirect
excitation of the Py line increases its total intemsity by & factor of almost two and
thus helps to explain its prominence. And even if the direct emlsaion of Py should
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decline more rapidly than that of the Brackett lines, the indirect mode ensures that
the sactual intensities display almost the same time depemdence.

In view of thase circumstences, and of the virtuslly total dominstion of the
photographic spectrum by He II lines, we expect the photographic luminosity to follow
& simple time Sspendence, which in the uniform model is & single expression of the
form (9)° Faure 2 shows owr best fit to the IC 4182 light curve, with N\ /e = 52
days; the g reemmnt over the period 30-040 days is better than that provided by a
pure exponartial.

The s ectral festures not accounted for by He II are due to minor constituents
of the inierstellsr medium - cerbon, nitrogen, oxygen o possidly even heavier atoms ==
in varic.s stages of ionization. The much lower concentration of the heavy elements
does no' necessarily imply that their flumrescent lines are correspondingly weaker.
Howeve:, it does tend to increase the mean free path for the exciting rsdistion (see
oq.(l); the high /\  associated with meny of the red lines explainstheir lack of
cbaw:reble red shift (15) and aleo accounts for the initial reddening of the calor.
The subsequent zharp decline of soms red features, vhich causes the downturn in the
cal'r cwve, probably reflects sharp boundaries of the regions in vhich the corres-
poding ions are sbundant. The late spectra contain mostly helium features, which
d:cline rt the same rate. Therefore the color remains roughly constant.

riaracieristics of the fluorescent medimm. The mesn concentration of He II required,
accoridng to eq. (10), to fit the light curve is sbout 4 ions/ec. ‘This is
approciably higher than we may expect as interstellar gas eveu in the central plane of
spial galaxies. DBut the environment is emriched by the material ejected from the
st:x during its entire pre-supernova history. A tenth of a sclar mass, vhich
ripresents a plausible totel mess loss, can essily supply the required concentration
concentration if distributed over a sphere ~1 light year in redius. The stellar
origin of the emitting medium slso explains the remarkable uniformity among SH I



lifetimes. It would be haxd to believe thet the undisturbed interstellar environment
is 50 nesrly the sane everyshare that SN I are cbserved, whereas in view of the
simtlarity of SN I in all other respects it is reasomable to suppose that the
integrated "solar wind"™ should be similar, varying over a factor of only two.

The uniform model on which the specific equations (9) and (10) are based is
unrealistic for a mmber of remsons. The concentration of a given ion cannot be
strictly uvniform with r, because of both the decremsing overall dengity ard the
varistion in icuization. The ion velocities, whiich determine the sbsorption width,
are not purely redial, nor is the effective Yy indspendent of r; the attemmtion of
theaoecluaﬁngﬂummvrtodmmtheratrmuﬂ:r. Finally,
the photons vhich aexcite the flucrescence are scattered a number of times, and 4o not
attemmate exponentially even in a uniform medium.

The effect of the decrease of A7/ vith radius is mininized for the He II lines
by the strong overlsp of the absorption lines. Bven if the width of an individual
line is much reduced, the cverlap remains apprecisble, liotice also that the expected
decreases ir n(r) and in AVat large distance have opposing effects on the absarption
rate; the departure from exponential attemmation can therefore remain slight even
vhen n(r) and OV are decressing more markedly. That this is indeed the case for
8l I is stromgly indicated by the long persistence of the near-exponential decline.,
We further remark that as long as A(r) is nearly exponential, then so is the integral
(8) for large t, even if n(r) veries. For example, a model in which n{r) 1s uniform
out to § 1.7., and then falls as 1/r%, is not inconsistent vith the observed light
curves as long as the width falls off in a marmer not too different from the concen~
tration.

We gratefully acknowledge cogent discussions with Professors A. G. W. Camerom
and M. Oda.

A detailed account of this theory has been submitted to the Astrophysical Jowrnal.
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FICURE CAPTIONS

Figare 1. The region kinematically accessidle to observation at locel time t.
@Fct <<NAs et >N

Figure 2. Fhotogrephic megnitude of the supernova in IC 4182, as & function of
time (dots.) (Ref. 1, 3). mmmueq. (9), vith A\ set

equal to 52 light days ncrmalized
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Doble I. Visible Spectrum of He II.
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